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Nonreciprocity and one-way propagation of optical sig-
nals is crucial for modern nanophotonic technology,
and is typically achieved using magneto-optical effects
requiring large magnetic biases. Here we suggest a fun-
damentally novel approach to achieve unidirectional
propagation of surface plasmon-polaritons (SPPs) at
metal-dielectric interfaces. We employ a direct elec-
tric current in metals, which produces the Doppler fre-
quency shift of SPPs due to the uniform drift of elec-
trons. This tilts the dispersion of SPPs, enabling one-
way propagation, as well as zero and negative group
velocities. The results are demonstrated for planar in-
terfaces and cylindrical nanowire waveguides. © 2017
Optical Society of America
OCIS codes: (240.6680) Surface plasmons; (250.5403) Plasmonics;
(230.3810) Magneto-optic systems
http://dx.doi.org/10.1364/ao.XX.XXXXXX
Nonreciprocity and unidirectional propagation of electro-
magnetic waves are highly important topics in modern optics,
crucial for nanophotonic, quantum-optical, and optoelectronic
applications [1–10]. The main mechanisms generating one-way
propagation and strong nonreciprocity are: magnetooptical phe-
nomena [2, 3, 9–11], including topological quantum-Hall effect
[2, 3], nonlinearity resulting in optical diodes and circulators
[4, 8, 12–14], and other methods breaking the time-reversal sym-
metry in the system [5, 6].
The study of surface waves and plasmonics is another inher-
ent part of nanophotonics, which allows to reduce the scales and
dimensionality of various electromagnetic phenomena [15, 16].
Not surprisingly, nonreciprocity and unidirectional propagation
of surface plasmon-polaritons (SPPs) have recently attracted
considerable attention [17–22]. These studies mostly deal with
magnetooptical nonreciprocity in the transverse Voigt geometry,
including topological quantum-Hall-effect states [20, 23, 24].
Here we put forward a novel mechanism resulting in one-way
propagation of SPPs at metal-dielectric interfaces. Namely, we
show that in the presence of a longitudinal direct electric current,
the SPP spectrum becomes nonreciprocal, with a unidirectional
propagation in a certain frequency range. This is caused by
the Doppler shift of the wave frequency in the drifting electron
plasma. Furthermore, the SPP spectrum is deformed such that
the group velocity of SPPs propagating along the current van-
ishes at a critical wavevector, and then becomes negative for
larger wavevectors. Thus, the electric-current-induced nonre-
ciprocity is qualitatively different as compared with the known
magnetic field-induced case.
Importantly, we show that the nonreciprocal effect from the
electric current can be comparable with the magnetooptical one
at reasonable values of the system parameters. Moreover, we
consider SPPs at a planar metal-dielectric interface, as well as
in a cylindrical nanowire. Metallic nanowires provide a highly
efficient platform for plasmonics and metamaterials [25–28], and
they can be naturally biased by a direct electric current. As
we show below, this results in the nonreciprocal properties of
nanowire plasmons.
To start with, we consider SPPs propagating along the planar
metal-vacuum interface x = 0, in the ±z directions, as shown
in Fig. 1. We employ the simplest Drude model of the metal
(neglecting losses) with the permittivity ε (ω) = 1 − ω2p/ω2
and plasma frequency ωp. It is well known [15, 16] that
SPPs exist at frequencies ω < ωp/
√
2, i.e., ε < −1, and
propagate along the interface with the wavevector kp = kp z¯,
kp = σ k0
√−ε/√−1− ε, ∣∣kp∣∣ > k0. Hereafter, the overbar de-
notes the unit vectors of the corresponding axes, k0 ≡ ω/c,
and we introduced the parameter σ = sgn kp = ±1 indicating
the SPP propagation direction. The dependence kp(ω) deter-
mines the dispersion relation of SPPs (see the dashed curve in
Fig. 2). The SPP field decays away from the interface with the
exponential-decay rates κ1 = kp/
√−ε (in the vacuum, x > 0)
and κ2 =
√−ε kp (in the metal, x < 0).
We first briefly describe the nonreciprocity and unidirec-
tional propagation of SPPs in the presence of a transverse mag-
netic field H = H y¯ [18–20]. Usually, it is calculated using
the anisotropic permittivity tensor of the magnetoactive metal.
However, we employ a simpler way to derive the same results.
Recently, some of us have shown [29, 30] that the (x, z)-plane
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Fig. 1. Schematic picture of a surface plasmon-polariton (SPP)
propagating along the metal-vacuum interface [15, 16]. The
applied magnetic field H, and direct electric current J are
shown.
rotation of the electric field of the SPP induces the corresponding
orbital motion of electrons in the metal and, hence, the transverse
magnetization due to the inverse Faraday effect. (This property
is related to the transverse spin of SPPs [31], which is currently
attracting considerable attention [32–34].) Using Gaussian units,
the magnetization of the metal can be written as [29, 30]
M =
geω
4mc
dε
dω
Im(E∗ × E) = σ g |E0|
2
√−ε
−e
mc
exp(2κ2x) y¯. (1)
Here, g = (8piω)−1, E (r) is the complex electric field in the SPP
wave, omitting exp(−iωt), E0 is its amplitude right above the
metal, whereas e < 0 and m are the electron charge and mass, re-
spectively. The magnetization (1) means that SPPs, being mixed
light-electron quasiparticles, carry transverse magnetic moment
µ ∝ σ y¯. It can be calculated as a ratio of the integral magnetiza-
tion (1) to the number of the quasiparticles. Using the standard
Brillouin energy density W, this yields [29, 30]:
µ =
h¯ω
〈W〉 〈M〉 = σ
2
√−ε
1 + ε2
µB y¯, (2)
where 〈...〉 = ∫ ... dx, and µB = h¯ |e| /2mc is the Bohr magneton.
The absolute value of the magnetic moment (2) grows from 0 to
µB as the SPP frequency ω changes from 0 to ωp/
√
2.
Equations (1) and (2) describe intrinsic properties of SPPs
without an external magnetic field. Applying the magnetic field
H = H y¯ leads to the Zeeman interaction with the magnetic
moment (2), −µ ·H, which shifts the energy (frequency) of the
SPP [35]. Denoting the SPP frequency without magnetic field as
ω0
(
kp
)
, the Zeeman-shifted frequency in an external magnetic
field becomes ω
(
kp
)
= ω0
(
kp
)
+ δω
(
kp
)
:
δω = −h¯−1µ ·H = −
√−ε
1 + ε2
σΩ. (3)
Here, Ω = −eH/mc is the cyclotron frequency of the electrons
in the magnetic fieldH, and the correction δω depends on kp via
ε
[
ω0
(
kp
)]
. The modified SPP dispersion (3) is shown in Fig. 2(a).
The magnetic correction makes the spectrum nonreciprocal, i.e.,
depending on the propagation direction σ. In particularly, the
cutoff frequency ωp/
√
2 is now shifted to ωp/
√
2 + σΩ/2. This
means that in the range ω ∈
(
ωp/
√
2−Ω/2,ωp/
√
2 +Ω/2
)
,
SPPs become unidirectional, i.e., propagating only in the positive
Fig. 2. Nonreciprocal modifications of the SPP spectra caused
by a transverse magnetic field (a), Eq. (3), and a longitudinal
direct electric current (b), Eqs. (5) and (6). The dashed curves
show the unperturbed reciprocal SPP dispersion ω0
(
kp
)
. The
frequency ranges with the one-way SPP propagation and the
wavevector range with the negative group velocity of SPPs are
marked by yellow and blue, respectively. The parameters are
Ω = 0.2ωp (a) and u = −0.1 c (b).
(negative) z-direction forH > 0 (H < 0). Notably, the magnetic
correction to the dispersion (3) exactly coincides with the one
calculated in [18] using anisotropic permittivity of the metal in a
magnetic field.
We are now in the position to consider SPPs in the presence
of a direct electric current with the density J = J z¯ flowing in
the metal. In this case, the problem can be readily analyzed in
terms of the modified permittivity ε (ω). Indeed, the presence
of the current means that free electrons in the metal move with
the velocity u = J /ne, where n = mω2p/4pie2 is the volume
density of the electrons. This movement of the electron plasma
produces the Doppler frequency shift ω → ω − k u in the metal
permittivity [36]:
ε (ω) = 1− ω
2
p(
ω− kpu
)2 . (4)
Considering the z-aligned propagation of SPPs, we can still
use the usual form of the SPP dispersion relation, kp =
k0
√−ε/√−1− ε, but now with the Doppler-modified permit-
tivity (4). Expanding this in the linear approximation in the drift
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velocity u, we arrive at the following dispersion relation:
ω = ω0
(
kp
)
+
1− ε
1 + ε2
σ
∣∣kp∣∣ u. (5)
The current-modified SPP dispersion (5) is nonreciprocal, as
shown in Fig. 2(b). Moreover, this nonreciprocity differs qualita-
tively from the known magnetic-field case, Fig. 2(a). Indeed, the
cut-off frequency asymptote ωp/
√
2 (for
∣∣kp∣∣→ ∞) is now tilted
as ωp/
√
2 + kpu, rather than split. The most interesting feature
of the modified dispersion is that it has an inflexion point:
kinfp = −
ωp√
2 c
( c
2 u
) 1
3 , ω
(
kinfp
)
=
ωp√
2
+
3
2
kinfp u. (6)
The SPP group velocity vg = ∂ω/∂kp vanishes and changes its
sign in this point. For positive current J > 0, u < 0, kinfp > 0,
and the group velocity becomes negative for k > kinfp . This is
because slow SPPs near the cut-off frequency ωp/
√
2 are drifted
by the flow of electrons in the backward direction. Furthermore,
the inflexion point (6) determines the maximum frequency of
the SPPs propagating along the current J . For ω > ω
(
kinfp
)
,
SPPs become unidirectional, propagating only in the direction
opposite to the current. Due to the tilt of the cut-off asymptote,
the unidirectional-propagation range is not limited from above
by a higher frequency. However, practically, high wave numbers∣∣kp∣∣ are accompanied by strong absorption of SPPs [16].
The inflexion-point parameters are determined by the ratio
of the electron drift velocity to the speed of light: |u| /c  1.
For typical laboratory currents, this is a very small parameter.
However, the power of 1/3 makes the inflexion-point character-
istics not too extreme, resulting in observable consequences at
feasible parameters. In particular, the current-induced cut-off
frequency shift ∼ kinfp u could be of the order of or even larger
than the similar magnetic-field-induced shift ∼ Ω.
For example, the work [21] considered a gold nanowire of
the radius r0 = 10−5 cm in the presence of an electric current
I = pi r20 J = 75 · 10−3 A, see Fig. 3. Using the free-electron
density in gold, n ' 6 · 1022 cm−3, we find the electron drift
velocity |u| ' 2.5 · 104 cm/s ' 0.8 · 10−6 c. The SPP cut-off fre-
quency was ωp/
√
2 ' 4.8 · 1015 s−1, and the SPP wave number∣∣kp∣∣ ' 2 · 107 cm−1. The work [21] examined the nonreciprocal
effect of the azimuthal magnetic field generated by the current,
Hϕ = 2I/cr0 ' 1.5 · 103 G (and enhanced by a magnetoactive
dielectric around the wire), but neglected the direct electric-
current effect on surface plasmons. In fact, the above parameters
correspond to the cyclotron frequency Ω ' 3 · 1010 s−1 and
the Doppler frequency shift
∣∣kpu∣∣ ' 5 · 1011 s−1  Ω. Thus,
the electric-current nonreciprocity is one order of magnitude
stronger than the magnetic-field nonreciprocity (in pure metal,
without a magnetoactive dielectric) for these parameters.
To properly analyze the electric-current effect in a nanowire,
we now consider SPPs in the cylindrical geometry of a metallic
wire of radius r0, Fig. 3. For the sake of generality, we introduce
permittivity ε2 < 0 and permeability µ2 > 0 inside the wire,
and permittivity ε1 > 0 and permeability µ1 > 0 outside the
wire (later we set ε1 = µ1 = µ2 = 1). The analytical form of
plasmonic wire modes can be obtained as follows. Since these
modes are TM polarized, they can be described entirely by the
vector potentials A = A z¯ and F = 0 [37], where A is a general
solution of the scalar wave equation in cylindrical coordinates
Fig. 3. Schematic picture of an SPP mode of a metallic
nanowire. The direct electric current J in the nanowire and
the corresponding induced magnetic field H (considered in
[21]) are shown.
(r, ϕ, z):
A = A0 ei`ϕ+ikpz
 a I`(κ2r) , r < r0 ,b K`(κ1r) , r > r0 . (7)
Here, ` = 0,±1,±2, ... is the azimuthal (angular-momentum)
quantum number, kp is the propagation constant, κ1,2 =√
k2p − k21,2 are the radial exponential-decay constants, k1,2 =√
ε1,2µ1,2 k0 are the wave numbers in the two media, while I`
and K` are the modified Bessel functions. The amplitudes (a, b)
in Eq. (7) are to be determined. The wave electric and magnetic
fields in each medium can be derived from the vector potentials
through the relations [37]:
E = ik0A+
ik0
k21,2
∇ (∇ ·A)− 1
ε1,2
∇× F ,
H = ik0F+
ik0
k21,2
∇ (∇ · F) + 1
µ1,2
∇×A . (8)
Substituting the potential (7) into Eqs. (8), we obtain all vec-
tor components of the wave fields. From now on, we consider
the fundamental mode with ` = 0. Applying the electromag-
netic boundary conditions at r = r0, we arrive at the system of
equations for the amplitudes (a, b):
Mˆ
 a
b
≡
 κ22ε1µ1 I0(ρ2) −κ21ε2µ2K0(ρ1)
2κ2µ1 I1(ρ2) 2κ1µ2K1(ρ1)
 a
b
=0 ,
(9)
where ρ1,2 = κ1,2r0. Equation (9) has non-trivial solutions only
when D ≡ det Mˆ = 0, which provides the transcendental char-
acteristic equation D
(
ω, kp
)
= 0 for the plasmonic mode disper-
sion.
Similarly to the planar SPP case, we introduce the effect of
the electric current via the Doppler shift (4) in the Drude-metal
permittivity ε2 ≡ ε (ω). The drift velocity of the electrons is
related to the current as I = pir20 J = pir20 neu. Substitut-
ing the Doppler-modified permittivity (4) into the character-
istic equation, we numerically find the modified dispersion
relation for the fundamental SPP mode in the electric-biased
nanowire. Figure 4 shows the dispersion relation for a nanowire
with ωp = 1016 rad/s, r0 = 20 nm, and different values of I .
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Fig. 4. Nonreciprocal electric current-induced modifications of
the SPP spectra in a metallic nanowire with ωp = 1016 rad/s
and radius r0 = 20 nm. (a) The unidirectional-propagation
and negative-group-velocity ranges are shown for a very high
current I = 100 A, cf. Fig. 2b. (b) Small nonreciprocity from
realistic currents I ≤ 10 mA is depicted in the form of the
deflection δω
(
kp
)
from the reciprocal dispersion ω0
(
kp
)
.
Panel (a) shows the modified dispersion for a very high value
of the current I = 100 A to exaggerate the nonreciprocal ef-
fect, while panel (b) displays the zoomed-in perturbation of the
SPP dispersion for realistic smaller currents I ≤ 10 mA. All the
features discussed for the planar SPP, including the one-way
propagation and negative group velocity ranges, can be clearly
observed here.
In conclusion, we have proposed a simple but yet funda-
mental way to achieve unidirectional propagation of surface
plasmon-polaritons using a direct electric current in metals. The
one-way propagation of optical signals, in analogy to electronic
isolators, is considered as a fundamental requirement for en-
abling photonic high-speed all-optical processing that could
substitute current microelectronic components. Nonreciprocal
propagation requires breaking the time-reversal symmetry in the
system. This is usually done via magneto-optical effects requir-
ing large magnetic biases. In contrast, our proposal is based on
the use of an electric current, which can be naturally generated
in plasmonic waveguides. The ability to achieve one-way optical
propagation using direct electric currents is conceptually simple
and inherently compatible with modern microelectronics indus-
try. This opens up new avenues towards all-optical miniaturized
processing components.
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pleton Foundation, European Research Council (Starting Grant
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